The raphe magnus (RM) participates in opioid analgesia and contains pain modulatory neurons with respiration-related discharge. Here we asked whether RM contributes to respiratory depression, the most prevalent lethal effect of opioids. To investigate whether opioidergic transmission in RM produces respiratory depression, we microinjected a muopioid receptor agonist, DAMGO or morphine, into the RM of awake rodents. In mice, opioid microinjection produced sustained decreases in respiratory rate (170 to 120 breaths per minute) as well as heart rate (520 to 400 beats per minute). Respiratory sinus arrhythmia, indicative of enhanced parasympathetic activity, was prevalent in mice receiving DAMGO microinjection. We performed similar experiments in rats but observed no changes in breathing rate or heart rate. Both rats and mice experienced significantly more episodes of bradypnea, indicative of impaired respiratory drive, after opioid microinjection. During spontaneous arousals, rats showed less tachycardia after opioid microinjection than before microinjection, suggestive of an attenuated sympathetic tone. Thus, activation of opioidergic signaling within RM produces effects beyond analgesia including the unwanted destabilization of cardiorespiratory function. These adverse effects on homeostasis consequent to opioid microinjection imply a role for RM in regulating the balance of sympathetic and parasympathetic tone.
Introduction
Increasing clinical usage of opioid analgesics has led to an escalation of accidental death due to opioid respiratory depression (39, 66, 83) . It is unclear which neural loci are responsible for respiratory depression because of the vast complexity of interactions and compensatory responses in the neural networks participating in respiration and responding to opioids (31, 58) . In the rat, the medullary raphe magnus (RM) is essential for opioid analgesia (4, 13, 21, 29) and contains opioid-responsive neurons so that injecting opioids directly into RM produces analgesia (15, 33, 35, 36, 55 ). Yet RM participates in functions beyond pain modulation (for review see 41) . RM neurons project to respiratory control centers in the brainstem (18, 20, 43, 70) and to the phrenic motor nucleus (6, 9, 32, 85) . Further, RM cells discharge in relation to respiration rate (26) and phase (44) . These findings prompted us to ask if RM is involved in opioid respiratory depression.
While microinjection of DAMGO into RM has no effect on respiration in the anesthetized rat (88) , it produces respiratory depression in the anesthetized mouse (26).
Electrical stimulation of RM in either rat or cat (3, 8, 79) reduces respiration rate while producing analgesia in a naloxone-reversible manner (67) , implying a role for RM opioidergic neurons in respiratory regulation concurrent with analgesia. To determine the role of RM in opioid respiratory depression, we microinjected opioid receptor agonists in awake, behaving mice and rats while measuring breathing. To examine the full range of functions for opioidergic RM modulation (17, 40, 42), we also recorded heart rate, sleep and gross motor activity. Our results show that opioids within RM alter heart rate and breathing, complementing decades of work on RM-mediated analgesia and indicating an expanded role for RM in the maintenance of homeostasis.
Methods:
Habituation Male C57/B6 mice (12-16 weeks, 25-30 g) and Sprague-Dawley rats (8) (9) (10) (11) (12) weeks, 300-400g, Charles River, Portage MI) were individually housed under standard colony conditions. Only male mice and rats were used because of previously reported differences in descending opioidergic modulation across sex and estrus cycle (reviewed in 11, 23). Food and water were provided ad libitum. Animals were maintained on a 12 hour light/12 hour dark cycle with lights on at 0600. All handling and experiments began at 1000. Animals were habituated to handling (30 min/day) and were individually placed in recording chambers (3 hr/day) for 5 days prior to surgery. After allowing 1 week of recovery from surgery, habituation to the handling and recording chambers resumed for an additional 5 days prior to drug administration and recording. All animal care and experiments were in accordance with the National Institute of Health guidelines and approved by the Institutional Animal Care and Use Committee of the University of Chicago.
Surgery
Anesthesia was induced with 5% isoflurane and maintained by 1.2-1.6% isoflurane.
Core temperature was maintained with a water-perfused heating pad. EEG, EKG and intercostal EMG electrodes were inserted and routed to a plastic connector pedestal (Plastics One, Roanoke, VA) that was subsequently cemented to the skull. A 1-mm diameter craniotomy was drilled caudal to lambda (1.5 mm caudal in rats and 1.0 mm caudal in mice) to allow for placement of a cannula guide through which RM could be accessed. Immediately and 12 hours after surgery, animals were given buprenorphine (0.1 mg/kg) as an analgesic. 
Drugs

Recording Sessions
Physiological signals were recorded via a 6-channel commutator for one hour of baseline activity prior to microinjection of drug. A piezoelectric microphone sensitive to mechanical energy from movement, including breathing, was affixed to the base of the recording chamber and used to assess breathing and movement activity. After acquisition of baseline data, animals were removed from the recording chamber and an injection cannula replaced the dummy guide. Microinjection of drugs was performed over a 30 s period with a Hamilton syringe connected to polyurethane tubing attached to a 31 gauge injection cannula. After microinjection, the injection guide was removed and the dummy guide was reinserted. Animals were returned to the recording chamber for an additional 3 hours. At the conclusion of the final experiment, the injector was filled with Pontamine Sky blue. The dye-filled injector was placed back into the guide cannula and a 500 nl injection was made to mark the microinjection site.
Histology
Animals were overdosed with 5% isoflurane and perfused with a fixative containing 4% (7, 56) . We used a standard technique to assess variability: Poincaré plots that graph each heart beat interval, HR n , as a function of the subsequent heart beat interval, HR n+1 (see Figure 4 ). Using the default Kubios software settings, SD 1 was computed as the standard deviation of the points perpendicular to the line-of identity, representative of the high frequency parasympathetic component. SD 2 was computed as the standard deviation along the line of identity, representative of a mixture of low frequency sympathetic and parasympathetic components.
Results:
In mice, microinjection of DAMGO within RM produces bradycardia, bradypnea and respiratory depression.
PBS microinjections into RM ( Figure 1 ) had no effect on either heart rate (p = 0.85) or respiration rate (P = 0. 98) during the 2 hour period after injection compared to the baseline period prior to injection. In contrast, DAMGO microinjection (20-250 ng, Microinjections of 100 ng DAMGO into the reticular area located 0.5-1.0 mm lateral to RM (n=3, data not shown) had effects on heart rate and respiration comparable to those observed after microinjections in RM. Accordingly, the murine reticular region adjacent to RM appears to participate in the DAMGO-elicited reduction of heart rate and respiration rate. These results indicate that microinjection of DAMGO within the ventral medial medullary region in mice is sufficient to produce bradycardia and respiratory depression in unrestrained, naturally sleeping and awake mice.
In mice, microinjection of DAMGO within RM produces respiratory sinus arrhythmia
and increases heart rate variability.
During respiratory sinus arrhythmia, heart beat intervals are shortened during inspiration and lengthened during expiration (84) . Such arrhythmia was never observed during the baseline period. However, respiratory sinus arrhythmia occurred in mice that received ≥100 ng of DAMGO (Figure 2 ). Bradycardia and respiratory depression always preceded respiratory sinus arrhythmia. Mice never displayed arrhythmia without previously entering this depressed state. The consistency of the pattern of bradycardia and respiratory depression prior to respiratory sinus arrhythmia suggests that a depressed state is a requisite stage in the evolution of arrhythmia consequent to opioid administration.
We performed a Poincaré analysis to quantify parasympathetic and sympathetic contributions to heart rate variability ( Figure 5 ). SD 1 , the solely parasympathetic component, and SD 2 , the mixed sympathetic and parasympathetic component, were measured 30 minutes before and 30 minutes after microinjection. Both SD 1 and SD 2 were significantly increased in mice receiving DAMGO microinjection (Ps <0.05) consistent with increased parasympathetic tone (7, 56) .
Opioid microinjection into RM has limited effects on respiratory rate in rats.
Rats receiving PBS microinjected into RM showed a 15 ± 2 % increase in heart rate (P < 0.01) (Figures 3, 6 ). This effect was likely due to handling stress, because similar effects were observed in rats handled but not receiving a microinjection during habituation.
Within 30 minutes of PBS microinjection, heart rate returned to baseline levels and never deviated significantly again.
We initially injected 100 ng of DAMGO in 100 nl into rat RM and did not observe any apparent effect on heart rate or respiration rate. After escalating the dosage to 250 ng and then to 500 ng in additional rats, we still did not see the dramatic alterations typically observed in mice. We then injected a high dose of morphine in a large volume (25 μg / 500 nl) into RM in 8 rats ( Figure 6 ). Rats receiving morphine showed significant increases in heart rate 30 minutes and 90 minutes after morphine microinjection (P <0.001). There was no significant effect on overall respiration rate, but rats receiving morphine microinjection had more episodes of bradypnea (P <0.001, Figure 4 ). There were no significant effects on duration of sleep from microinjection of either DAMGO (P = 0.69) or morphine (P = 0.54). As in mice, rats receiving DAMGO microinjections had an elevated SD 1 (P < 0.05, Figure 5 ). No significant changes in SD 1 (P = 0.28) or SD 2 (P = 0.10) were observed after morphine microinjection in rats.
Species differences in baseline heart rate regulation were observed that could contribute to differences in reactions to opioid administration.
Even prior to microinjection during the baseline period, differences in heart rate regulation between mice and rats were apparent. During baseline wakefulness, mice had a steady 660 ± 10 beats/minute (CV = 0.018 ± 0.001), but during baseline sleep, heart rate was slower (410 ± 40 beats/minute, p < 0.001) and more variable (CV = 0.102 ± 0.010, p < 0.001) (Figure 7 ). Transitions from sleep to wakefulness were often manifest by an increased heart rate, consistent with an elevated sympathetic drive. However, heart rate frequently increased even in the absence of a microarousal. Thus, the high beat-tobeat variability may have masked increases in sympathetic tone associated with microarousals so that tachycardia was not predictive of microarousals in mice. After opioid microinjection, tachycardia continued to occur both in accompaniment to microarousals and independent of them (data not shown).
Rats had relatively steady heart rates during both wake and sleep (wake: 400 ± 10 beats/minute; CV = 0.030 ± 0.001; sleep: 330 ± 10 beats/minute; CV = 0.018 ± 0.001) (Figure 7) . Nonetheless both the rate and variability of the heart rate were significantly less during sleep than during wake (rate, P < 0.001; CV, P < 0.001). When short arousals (5-10 s) occurred after sleep bouts of ≥ 3 min duration, heart rate increased by 30-60
beats/minute over a period of 5 s (Figures 7, 8 ). However, within 60 min of morphine microinjection, heart rate elevation was blunted in 9 out of 12 visually identified arousals ( Figure 8 ). The reduced arousal-associated tachycardia in rats suggests a reduction in sympathetic drive after opioid administration.
Discussion
RM has the capacity to contribute towards opioid-induced respiratory disturbances. RM's neuromodulation of central pattern generator neurons within the ventral respiratory group may play an important role in determining respiration rate (14) . RM cells also project to putative respiratory-related neurons in the nucleus of the solitary tract (51, 69) and when activated inhibit breathing-related neuronal activity while producing a naloxone-reversible apnea (67) . Further, significant reciprocal connections exist between RM and chemosensory nuclei such as the retrotrapezoidal nucleus (12, 65). In sum, RM's anatomical connections to spinal and brainstem respiratory nuclei are sufficient to support RM modulation of breathing.
RM is a mediator of sympathovagal balance.
In the present study, we focused on breathing and to a limited extent, cardiovascular
function. Yet the biology of RM function is unlikely to fit within this artificially constrained domain. Consistent with a broader role for opioid modulation in RM than just analgesia, we observed that opioid microinjection increased heart rate variability.
While other explanations for the decrease in heart rate observed exist -e.g. a reflex bradycardia secondary to an increase in blood pressure -the most parsimonious explanation for the bradycardia and respiratory sinus arrhythmia is that RM shifts the parasympathetic / sympathetic balance to favor parasympathetic tone. In mice, we frequently observed respiratory sinus arrhythmia exaggerated to such an extent that the heart did not beat during expiration, leaving little doubt to the underlying mechanism (84) . Respiratory sinus arrhythmia is elicited during expiration by pulmonary stretch receptors evoking parasympathetic inhibition of the heart sinoatrial node (84) . When central parasympathetic activity is increased, respiratory sinus arrhythmia becomes more apparent (24, 64, 68). Enhanced parasympathetic activity is a well known consequence of opioid administration and is clinically prevented by atropine pre-medication (80, 81).
Vagotomy attenuates systemic morphine-induced bradycardia and microinjection of ibotenic acid into RM attenuates systemic morphine-induced bradycardia in anesthetized rats (61). While direct projections from RM to nucleus ambiguus have not been reported, tract-tracing studies with pseudorabies virus indicate that RM projects oligosynaptically to parasympathetic cardiac ganglia (72, 74).
Evidence of altered sympathetic activity after opioid microinjection in rats is manifest by a blunting of the increase in heart rate normally observed during arousal. In the absence of opioids, a barrage of sympathetic activity during arousal increases heart rate (30, 49, 71) . Although the central source for initiating sympathetic activity during arousal is not known, we speculate that RM may play a role in increasing sympathetic activity during arousal. In support of this idea, the discharge rate of one population of RM cells increases just before arousals from sleep (34) and RM activation increases blood pressure and heart rate (1, 50, 53) .
RM contains more neurons than any other brainstem nucleus that projects to the intermediolateral cell column of the thoracic cord, a region responsible for sympathetic hypertensive effects (10) . In resting animals, RM has the second highest c-fos expression out of all intermediolateral cell column-projecting nuclei, suggesting that it contains >20% of all brain stem neurons that modulate basal sympathetic activity. Muscimol within RM is sufficient to abolish sympathetic effects such as fear conditioning-induced vasoconstriction and tachycardia (77) and periqueductal gray stimulation-evoked cardiovascular fear reactions (5) . In agreement with the above findings, microinjection of opioids into RM may disrupt sympathetic activity via direct projections from RM to sympathetic neurons within the spinal cord, a mechanism that could contribute to the disruptive effects of analgesics on sympathetic function.
Species differences inform us about RM's roles in physiological homeostasis.
Larger, more consistent adverse cardiorespiratory effects were observed after opioid microinjection into mouse RM than into rat RM. It is possible that the small dimensions of the murine brainstem allowed for greater diffusion into neighboring nuclei and the consequent engagement of additional neuronal populations. However, we find this unlikely as the cardiorespiratory effects observed in mice after a 20 nl opioid microinjection were greater than those observed in rats injected with 500 nl. While the effects of opioid microinjection into RM were consistently larger in the mouse than the rat, it should be noted that opioid microinjection into RM did increase the incidence of bradypnea in rat.
Overall brainstem anatomy in rats and mice appear similar and no major differences in the anatomy of RM between the two species have been reported. The only relevant difference described to date is that the serotonergic RM projection to the dorsal horn is more substantial in rats compared to mice (76) . However, given that opioid analgesia depends primarily on non-serotonergic cells (19, 25), a relative increase in the descending serotonergic projection in rats would not explain why rat RM plays a more substantial role in analgesia than in homeostasis.
The species differences observed fit with previously observed species differences in the Rats require ten times less morphine than mice for analgesia after correcting for size differences (46, 47, 73) even though mice have a higher density of opioid receptor ligand binding sites (86) . Yet the opioid dose injected into RM that evokes respiratory changes in mice is comparable to that which evokes analgesia in rat. Therefore, we propose that mouse RM has a predominant role in homeostatic regulation while rat RM is more dedicated to modulating pain transmission. Mice may need greater dynamic control of functions such as heart rate than rats. Resting heart rate variability is far greater in mice than rats and mice transition between sleep and wakefulness more rapidly and frequently than do rats. Whereas pain represents a threat to behavioral function in both species, the greater demand in mice for homeostatic regulation may require more functional circuitry dedicated to sympathovagal balance.
The homeostatic functions of RM appear to be present in mouse (this study), rat (this study and above citations), cat (63) and even in human where fMRI imaging has indicated a role for the ventral medullary midline in respiration (75) and heart rate variability (52) . While rats are a good model for normal cardiorespiratory function, mice, which have a much higher tolerance to morphine than rats, may be a better representative model of the chronic opioid tolerant condition, the condition that is most clinically relevant to the dangers of opioid respiratory depression. In support of a role for the medullary raphe in mediating opioid effects in humans, opioid receptors are found in the human raphe nuclei (59) .
Perspectives and Significance
Selective or complete lesions of RM eliminate neuropathic pain (27, 60). Effectively eliminating neuropathic pain is rightly heralded as a breakthrough, but the clinical utilization of a technique that potentially eliminates cells involved in cardiorespiratory regulation has obvious risks. Currently, surgical implantation of electrodes for stimulation of the descending opioid pathway is used as a last-resort tactic for patients with chronic pain, and this stimulation paradigm has effects on blood pressure in humans (62, 87) , cats (28) and rats (37). Of greater relevance to current clinical practice, opioid usage impairs respiratory drive. Patients that chronically utilize opioids are likely to develop central sleep apnea (2, 16, 48, 78) . During central sleep apnea, all muscle related respiratory behavior spontaneously ceases potentially due to decreased respiratory drive from central pattern generators. RM should be considered a candidate locus for the opioid modulation of respiratory drive given its sensitivity to sleep/wake regulation and its modulation of respiratory control centers. The ability to increase the incidence of bradypnea with opioid microinjection into a single site provides direction for further investigation. As the same circuitry that mediates analgesia participates in homeostatic regulation, a better understanding of RM will not only yield therapeutic benefits to the treatment of chronic pain, but to a broad spectrum of physiological disorders. Significant differences between PBS and drug microinjections are indicated as follows: * P < 0.05, ** P < 0.01, and *** P < 0.001. Significant differences between baseline and PBS is indicated as ## P < 0.01. Figure 4 . An increased frequency of episodes of bradypnea was observed in mice and rats after opioid microinjection. The number of bradypneic episodes increased during the 30 minute period after drug microinjection relative to the 30 minute baseline period and relative to after PBS administration. Significant differences between PBS and drug groups are indicated as follows: * P < 0.05, ** P < 0.01, and *** P < 0.001. Second and fourth row: example Poincaré plots from an individual mouse (top) and rat (bottom). Significant differences between PBS and drug groups are indicated as * P < 0.05. Figure 6 . Morphine microinjected into rat RM had no effect on heart rate or breathing rate. Heart rate and respiration rate are expressed in units of beats or breaths/minute.
This example from a single rat shows the instantaneous heart rate and respiratory rate The heart rate of mice during sleep is far more variable than that of rat. Heart rate is expressed in units of beats/minute. The traces show instantaneous heart rate during a 300-s period prior to drug microinjection for one mouse and one rat. Each heart beat is color coded to indicate whether it occurred during sleep (blue) or wakefulness (red). The graphs at the right show the average coefficient of variance (CV) for all animals in each species during wakefulness and sleep prior to drug microinjection.
Significant differences from the CV of wakefulness are indicated as *** P < 0.001. Figure 8 . In rat, microarousals are accompanied by an increase in heart rate before but not consistently after morphine administration. Heart rate is expressed in units of beats/minute. In each panel, instantaneous heart rate (top trace), high frequency EEG activity (40-100 Hz; labeled EEGhi) indicative of arousal, low frequency EEG activity 
